The San Francisco Estuary and its upstream watershed have been highly altered by human development following the California Gold Rush in the mid-19th century. In this paper, we explore the inter-and intra-annual variability of freshwater flow to this estuary and the resulting salt intrusion under scenarios that represent pre-development and contemporary conditions. To place this comparison in context with the advent of systematic and accurate flow and salinity measurements in the estuary, we consider an additional "pre-project" scenario that represents early 20th-century water management (circa 1920), after major flood control and reclamation but before the introduction of large water storage, diversion, and export operations. We use an observed climate record that spans 82 years to compare freshwater flow associated with the scenarios' landscape and water use characteristics.
INTRODUCTION
Estuaries throughout the world are exposed to a variety of stressors, including hydrologic alteration, invasive species, pollutants, eutrophication, and habitat loss (Kennish 2002) . International restoration efforts are responding to these stressors, with the recognition that ecosystem effects are a consequence of multiple interacting factors that are often poorly understood (Kennish 1999; Williams and Orr 2002; Thom et al. 2005; Elliott et al. 2007) . Defining a restoration target or baseline is implicit in identifying ecosystem effects, and is important in structuring flow regulations and other restoration actions.
2 VOLUME 16, ISSUE 3, ARTICLE 6 Because observed data from pre-development periods are normally unavailable or limited in scope, restoration targets are typically guided by the earliest available records, even when these observations are recognized to reflect some degree of anthropogenic alteration. Therefore, restoration baselines do not truly represent pre-development conditions, a concept termed shifting baselines in the ecological literature (e.g., Duarte et al. 2009; Wagener et al. 2010; Villnäs and Norkko 2011) .
Flow regime, a key characteristic of any restoration baseline, is essential to the ecological integrity of riverine and estuarine ecosystems, and alteration of a natural regime has cascading ecological effects (Poff et al. 1997) . Although pre-development conditions may not be a practical baseline for establishing restoration targets, understanding the general properties associated with such a flow regime can provide a basis for defining reasonable restoration expectations and informing effective regulations and actions. Annual magnitude is an important property of a flow regime; however, characteristics such as return frequency, seasonal timing, duration, and rate of change are also significant properties (Poff et al. 1997 ).
Flow has been described as the "master variable" that affects several characteristics of riverine and estuarine ecosystems, including geomorphology and water quality (Poff and Zimmerman 2010) . Salinity, a key estuarine water-quality characteristic affected by flow, influences estuarine ecology through a number of direct pathways, such as quantity and quality of habitat (Kimmerer et al. 2013) , and indirect pathways, such as retention of estuarine organisms by estuarine circulation patterns (Kimmerer et al. 2014) . Native species have evolved specific life history strategies in response to natural flow and salinity patterns (Bunn and Arthington 2002) ; hydrologic alterations can disrupt these life history strategies and favor invasive species. Although divergence from natural flow patterns is associated with declining native fish populations (Poff and Zimmerman 2010) , specific biological responses to such alterations are often difficult to discern because of other confounding anthropogenic changes such as landscape modification (Bunn and Arthington 2002) .
The ecological concerns discussed thus far apply to the San Francisco Estuary (estuary) on the Pacific Coast of California, USA. (Figure 1 ). This estuary and its associated watershed are of great importance to California's water supply and economic development (Luoma et al. 2015) . Home to 14 species of imperilled migratory or resident fishes (Cloern et al. 2011) , the estuary has been the focus of large-scale restoration and management efforts over the past 4 decades (Hanak et al. 2011) . Hydrologic alterations to the estuary and its watershed occurred rapidly during and after the California Gold Rush of the 1850s,
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https://doi.org/10.15447/sfews.2018v16iss3art6 landscape conversion of wetlands and riparian forests for agriculture and urban uses (Kimmerer et al. 2005) , channel modifications, reservoir construction, and operation of large water projects to export water to central and southern California. Other anthropogenic stressors include introduction of invasive species (Kimmerer 2004) , toxicity from contaminants (Kuivila and Foe 1995) , wastewater discharges (Luoma et al. 2015) , and changes in temperature, sea level, and precipitation patterns from climate change (Cloern et al. 2011) .
Although multiple stressors influence individual species and the estuary's overall ecosystem, flow and associated salt intrusion are known to be critical variables. The observed abundance of several pelagic organisms in the estuary is negatively correlated with X2, a salt intrusion length defined as the distance in kilometers from the Golden Gate inlet to the location of tidally averaged, 2-psu near-bed salinity (Jassby et al. 1995; Kimmerer et al. 2009; Kimmerer et al. 2013) . Not only is a low (seaward) X2 believed to be favorable for pelagic organisms, a more variable salinity regime is believed to favor native species over non-native species (Lund et al. 2007) .
In this paper, we compare freshwater flows and salt intrusion in the estuary for scenarios that represent pre-development and contemporary conditions. To provide additional context, we also consider a "preproject" scenario that represents water management in the system circa 1920 -preceding construction of major reservoirs in the watershed. Characteristics of the system in the early 1920s can be quantified with greater certainty (relative to pre-development conditions) given the advent of systematic and accurate salinity and flow measurements. The primary driver of flow and salinity differences among the scenarios is altered watershed hydrology, storage regulation, and water diversions; however, the scenarios also capture salt intrusion response to alterations in estuarine bathymetry and mean sea level.
BACKGROUND Geographic Setting
The geographic focus of this paper is the central and northern portion of the estuary and the watershed draining to the Sacramento-San Joaquin Delta (Figure 1 ). Key geographic features of the estuary include Central Bay, San Pablo Bay, Carquinez Strait, Suisun Bay, the Delta, and associated tidal sloughs and marshes (Figure 2 ). The Delta is the entry point for over 90% of the freshwater inflow to the estuary (Cheng et al. 1993) . Its upstream watershed includes a portion of the Sierra Nevada, Cascade, Klamath, and Coastal mountain ranges (Figure 1 ) and is drained primarily by the Sacramento and San Joaquin rivers.
Under pre-development conditions, the channels of the Sacramento, San Joaquin, and other Central Valley rivers had insufficient capacity to carry winter and spring flows generated by wet-season precipitation and snowmelt. These rivers overflowed their banks in most years, discharging into adjacent low-lying basins, including approximately 4,000 km 2 (nearly 40%) of the Sacramento Valley (Grunsky 1929) . As river stage fell, water would partially drain back to the river through well-defined channels and sloughs (Hall 1880; Rose et al. 1895; Grunsky 1929) . However, the basins typically remained inundated through late summer. Thus, under pre-development conditions, this extensive natural storage in the Central Valley floodplain attenuated flood flows and provided water to native vegetation.
The seasonal flooding pattern of the pre-development watershed supported vast inland marshes located in natural flood basins along major rivers (Alexander et al. 1874; Hall 1887; Garone 2011; Fox et al. 2015) , while lush riparian forests existed on natural river levees (Katibah 1984) , and vast swaths of grasslands interwoven with vernal pools and savannas with immense valley oaks extended from the floodplains to the oak-and pine-covered foothills (Burcham 1957; Dutzi 1978; Holland 1978) . At lower elevations, permanent wetlands were supported by a shallow groundwater table fed by seasonal overflows from the rivers. Deep-rooted hardwood habitat and chaparral were found at higher elevations. In the transition zone, seasonal wetlands and seasonal grasslands fluctuated from periods of high water availability in winter and spring, to periods of water shortage and senescence in the summer and early fall when overbank flooding ceased and groundwater elevation dropped below the root zone.
Land-use changes in the foothill and mountain watersheds that surround the Central Valley have 4 VOLUME 16, ISSUE 3, ARTICLE 6 been relatively minor. In contrast, the valley floor has been extensively developed for irrigated agriculture, and contains large urban areas. Under pre-development conditions, water use by natural vegetation , in combination with the annual cycle of overbank flooding, reduced the amount of water that reached the Delta. As natural levees were raised, and wetlands and riparian forests were drained and cleared, water use by agriculture replaced water use by native vegetation in the Central Valley. Fox et al. (2015) estimated that annual water use from the natural landscape was similar to that of the contemporary system, such that Delta outflowcomputed as Delta inflow minus consumptive uses in the Delta and water exports -was minimally changed.
Before the mid-19th century, the estuary included extensive tidal marsh with a total area of approximately 2,200 km 2 , which was nearly twice the area of the bays (Atwater et al. 1979) . Substantial anthropogenic modifications of the estuary and watershed began during the 1850s in response to the California Gold Rush (Whipple et al. 2012) . These changes include diking of over 90% of the estuary's tidal marshes (Atwater et al. 1979) , and dredging and straightening of channels, primarily in the Delta. The network of channels in the contemporary Delta is formed by an extensive constructed levee system, cuts to straighten channels, dredging to deepen select channels for navigation, and installation of rock barriers and operable gates to control flows and salinity in portions of the Delta. This highly modified system is the hub of California's water-supply infrastructure, including the Central Valley Project (CVP) operated by the U.S. Bureau of Reclamation (USBR) and the State Water Project (SWP), operated by the California Department of Water Resources (CDWR). The primary export facilities of these water projects are located in the south Delta, as identified in Figure 1 .
The bathymetry of the portion of the estuary seaward of the Delta is typical of a drowned river valley estuary, with broad shoals and deep relict channels (Walters and Gartner 1985; Figure 2) , and is influenced by tectonic activity (Atwater et al. 1979) . The estuary has mixed diurnal and semidiurnal tides, and both salinity and stratification vary seasonally with freshwater inflow, typically resulting in partially mixed conditions (Walters and Gartner 1985) . contemporary San Francisco Estuary model (Andrews et al. 2017 (CDWR 2015) . As discussed in the following section, all model applications used for this work assume constant scenario-specific land use over a common historical climate sequence.
Pre-development salinity conditions in the estuary were investigated and compared to contemporary salinity conditions by Andrews et al. (2017) using a three-dimensional (3-D) hydrodynamic model. This work was the first to estimate how human-induced bathymetry changes in the estuary (i.e. large-scale loss of wetlands, levee construction, dredging, and other modifications) influenced salinity. Their pre-development model was based on planform developed by Whipple et al. (2012) and bathymetry from multiple sources as described in Andrews et 6 VOLUME 16, ISSUE 3, ARTICLE 6 al. (2017) . Based on observed water levels at San Francisco (NOAA 2015), mean sea level was specified as 0.31 m lower than contemporary conditions to represent historically observed sea level rise. Their model was calibrated against historical observations of tidal range, inundation frequency, and inundation depth. Andrews et al. (2017) found the dramatic changes in estuary planform and bathymetry and the difference in mean sea level between the pre-development and contemporary scenarios to have a limited influence on salt intrusion. The pre-development estuary was found to have salt intrusion that responded faster to changes in Delta outflow and was lower for the same Delta outflow. Because of the changes in seasonal distribution of Delta outflow, salt intrusion was found to be less variable for the contemporary scenario than for the pre-development scenario. Changes to seasonal timing of freshwater flows influenced salt intrusion more than changes in estuarine planform and bathymetry. As described below, we employed the work of Andrews et al. (2017) to characterize the relationship between Delta outflow and salt intrusion for the pre-development and contemporary scenarios. We assume that the pre-project relationship between Delta outflow and salt intrusion is identical to the contemporary relationship developed by Andrews et al. (2017) . Although significant geometric alterations have been widely recognized to have occurred in the system since the 1920s, analysis of historical data (Hutton 2014; Hutton et al. 2015) indicates little change over the past 9 decades in the accuracy of the predicted flow-salinity relationship.
METHODS
We adopted publicly available simulation output from the C2VSim and CalSIM II models, as described in the previous section, to define and compare Delta outflow under pre-development, pre-project, and contemporary scenarios. Our comparison assumed a common historical climate sequence from water year 1922 to 2003, an 82-year period inclusive of widely varying hydrologic conditions. The CDWR selected water year 1922, which began October 1, 1921 as the starting point for its model simulations because it is the first year of available robust streamflow data. Using these Delta outflow predictions, we generated salt intrusion time-series representative for all three scenarios based on the work of Andrews et al. (2017) .
Level-of-Development Methodology
Water resource conditions evolve over time in response to a variety of natural and anthropogenic drivers, including (but not necessarily limited to): climate, land and water use, construction and operation of water management facilities, and environmental regulations. Time evolution of water resource conditions can be evaluated through a transient analysis, whereby all drivers are allowed to vary according to a historical or other predefined pattern. Alternatively, time evolution can be evaluated through a static or steady-state analysis, whereby one or more evolving conditions are held constant. In a static analysis known as "level of development" (Draper et al. 2004) , one or more scenarios are defined by holding land use and watershed characteristics constant, then water management facilities are operated according to fixed criteria, and scenarios are compared assuming a common hydrologic sequence. The common hydrologic sequence may represent climatic variability associated with the distant past, contemporary conditions, or potential climate-change scenarios. In this work, we compare three levels of development (pre-development, pre-project, and contemporary), assuming a recent historical 82-year climatic sequence. Thus, the Delta outflow and salt intrusion time-series used to represent the three scenarios are not estimates of flows and salt intrusion that actually occurred under Paleolithic, early 20th-century, or contemporary conditions. Rather, each time-series represents a simulated response of the estuary and its upstream watersheds to a common precipitation and runoff pattern, assuming three distinct and static levels of development.
Delta Outflow
The simulated Delta outflow time-series for the predevelopment scenario (CDWR 2016a) and pre-project scenario (Hutton et al. 2017a ) were available at a daily time-step, whereas the Delta outflow time-series for the contemporary scenario (CDWR 2015) was only available at a monthly time-step. Because a daily Delta outflow time-series is necessary to predict salt https://doi.org/10.15447/sfews.2018v16iss3art6 intrusion length, following the approach of , we disaggregated the contemporary Delta outflow time-series from a monthly to daily timestep, based on historically observed flow patterns as discussed in the following paragraph.
CDWR (2016b) has developed an estimate of historical daily Delta outflow beginning October 1, 1929 October 1, (water year 1930 . We obtained daily outflow estimates before October 1929 from work described in Hutton et al. (2015) and appended them to the larger time-series. Following three key steps, we adjusted the 82-year historical daily time-series to represent a flow pattern that would have occurred under contemporary water-management conditions. First, we adjusted the historical time-series to remove the effects of upstream storage regulation, trans-watershed imports and exports, Delta exports, and historical consumptive use from developed lands in the Delta and upstream watershed. This adjusted or "un-impaired" Delta outflow time-series was then "re-impaired" to account for in-basin consumptive use and CVP-SWP operations (i.e., storage and import-export operations) as assumed in the contemporary scenario (CDWR 2015). As part of this re-impairment, reservoir and import-export operations were generally assumed uniform within each month, except during flood-control operations when releases were set equal to daily inflows. The resulting re-impaired daily Delta outflow time-series does not account for all aspects of contemporary hydrology (e.g., groundwater pumping to meet irrigation demands), but we assume it to be a credible representation. Finally, we adjusted the re-impaired daily outflow time-series as necessary to meet contemporary Delta outflow standards while preserving the simulated monthly volumes associated with CDWR (2015).
Salt Intrusion Length
Given the daily Delta outflow time-series discussed in the previous paragraph, we applied an empirical relationship between Delta outflow and salt intrusion to generate a daily X2 time-series that spanned water years 1922 to 2003. Monismith et al. (2002) proposed a fitting equation to relate previous X2 and current flow to current X2
where ω 1 , ω 2 and γ are empirical parameters and Q(t) is outflow. Hutton et al. (2015) built upon this approach by assuming a steady form of Equation 1 and a definition of antecedent outflow (Q ant ) from Denton (1993) .
where β G is an additional fitting parameter (m 3 s −1 per day). The antecedent outflow can be thought of as the equivalent steady flow that accounts for the time history of the outflow on salinity. We then calculated X2 by substituting the antecedent flow from Equation 2 for the flow in the steady form of Equation 1 to yield
where β = ω 2 / (1 − ω 1 ). Andrews et al. (2017) discusses the advantages of this approach over previously published flow-X2 relationshipsincluding accommodating negative daily Delta outflow and providing a time-scale of adjustment that varies with X2 (as suggested by Monismith (2017) . Equation 3 with a single set of parameters was found to predict X2-as estimated from observed salinity along the Sacramento River transect-with a standard error of 3.2 km in Hutton et al. (2015) over the calibration period that spanned water years 2000-2009. Hutton (2014) found little change in model accuracy over the 9 decades spanning 1922 to 2012. However, he found higher model variance in the early part of the record, with decadal average standard errors that ranged between 4.0 km for 1950-1979 and 5.2 km for 1930-1939. Although not formally examined, this apparent temporal trend is likely an artifact of increasing data quality and decreasing peak seawater intrusion events.
In Andrews et al. (2017) , the free parameters in Equation 2 and Equation 3 (β, γ, and β G ) were fit to X2 values predicted by the hydrodynamic model in 2006 through 2008 along the transects shown in Figure 2 for the contemporary and predevelopment scenarios; this fitting yielded the parameters shown in Table 1 . The standard error characterizing the ability of the regression equation to represent X2 estimated by UnTRIM was 1.7 km for the contemporary scenario and 2.3 km for the 8 VOLUME 16, ISSUE 3, ARTICLE 6
pre-development scenario; the regression equation predicted X2 accurately across the full range of Delta outflow under both scenarios (Andrews et al. 2017 ). For our work, the 82-year time-series of contemporary-scenario and pre-development-scenario daily Delta outflows were first substituted into Equation 2 to generate daily antecedent flow timeseries. Then, using the parameters in Table 1 for each scenario, we used Equation 3 to generate daily salt intrusion length (i.e., X2) time-series. We transformed the pre-project scenario outflow time-series into a daily X2 time-series assuming parameters calibrated for the contemporary scenario. We then monthly averaged the daily salt intrusion length.
RESULTS

Delta Outflow
Figure 3 shows a modified box and whisker plot of monthly and annual Delta outflow volume quantiles and means associated with the three scenarios. Interannual variability in Delta outflow is determined largely by variation in annual precipitation over the mountain and foothill watersheds of the Central Valley (which is common to all scenarios) but is also strongly influenced by changes in end-ofyear storage, which varies by scenario. Under predevelopment conditions, winter and spring flows spilled over the banks of the Sacramento and San Joaquin rivers, filling low-lying basins adjacent to these rivers and attenuating peak flows. Under preproject conditions, man-made levees largely isolated these rivers from their floodplains and other wetlands (thereby decreasing evapotranspiration) and conveyed their flows more directly to the Delta, resulting in higher peak flows consistent with the findings of Fox et al. (2015) and Howes et al. (2015) . Under contemporary conditions, both river levees and floodcontrol projects are present, and the major reservoirs diminish seasonal flow variability as did the natural floodplain. Reservoirs have a greater capacity than natural floodplains to control flows in dry years when overbank flow would be minimal, through both storage operations during the winter and spring and release operations during the summer and fall.
Mean annual precipitation over the Delta and upstream drainage area was 90. For the contemporary scenario, interannual outflow variability is partially attenuated by annual carryover storage in the state's larger reservoirs, especially in drier years. The difference in mean annual outflow volume between the pre-development scenario and contemporary scenario is of similar magnitude to contemporary CVP and SWP exports from the south Delta, which together average approximately 6.1 billion m 3 .
Annual hydrologic conditions for the Sacramento River have been classified into one of five water year classes based upon an index computed as a weighted average of current year April-through-July runoff, current year October-through-March runoff, and the previous water year index (CDWR 2016c) . Figure 4 presents monthly Delta outflow averages and ranges by water year class. Although the California water years run from October through September, we assigned the months of October and November to the previous water year to illustrate the effects of current regulatory requirements on contemporary outflows, consistent with Hutton et al. (2015) . To improve habitat for endangered Delta Smelt, the 2008 USFWS biological opinion (USFWS 2008) regulates X2 in fall months (September through November) after "Above Normal" and "Wet" water year classes.
The top panels of Figure 4 shows that average seasonal outflow patterns are remarkably similar between the pre-development and pre-project scenarios. One exception to the scenarios' general similarity is that fall and winter flows tend to be higher under pre-project conditions. This finding is consistent with an early 20th-century analysis of upstream reclamation development effects on flow to the Delta (CDPW 1931) in which the authors remark:
"…it is of interest to note that the flow into the delta during the late fall and early winter months, starting occasionally as early as September, appears to have been increased due to the effect of return water from irrigation combined with water releases from power reservoirs in excess of the simultaneous irrigation diversions."
Another exception to the scenarios' general similarity is that the range of pre-project critical year flows drops substantially lower than the corresponding predevelopment flows in spring and summer months, presumably because of upstream irrigation demands. This second finding is consistent with a conclusion drawn by Malamud-Roam et al. (2006) that the drought of the 1920s and 1930s (a period wellrepresented by the pre-project scenario) was the most saline period in the Bay-Delta over the last 2,500 years.
The bottom panels of Figure 4 show a dramatic difference in average seasonal outflow patterns between the pre-development and contemporary scenarios; the difference is greatest in "Critical" years and least in "Wet" years. The comparison shows larger seasonal variability in pre-development outflows, with higher winter and spring flows, and lower summer and fall flows. This dramatic difference in seasonal outflow patterns can be largely attributed to upstream reservoir operations, exports, and Delta outflow standards.
Salt Intrusion Length
We estimated daily salt intrusion length (X2) for the pre-development, pre-project, and contemporary scenarios using the previously described daily Delta outflow estimates in combination with Equation 2, Equation 3, and the parameters in Table 1 . Though our scenario-based level-of-development approach 10 VOLUME 16, ISSUE 3, ARTICLE 6 B A Figure 4 Comparison of pre-development scenario with the (A) pre-project scenario and (B) contemporary scenario monthly Delta outflows subdivided by water year class, with lines indicating the median monthly Delta outflow and symbols indicating the largest and smallest monthly flow for years within the given water year class on the Sacramento River. The flow and X2 in October and November is generally more closely associated with the previous water year (their own calendar year) than the current water year; thus, these months are classified with the previous water year, and the X-axis spans the months of December through November.
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is not intended to reproduce a historical time-series, the approach should produce flow and salinity timeseries that are similar to historical observations for a limited period that most closely approximates the fixed level-of-development time-frame. Figure 5 compares salt intrusion estimates from historical salinity observations (CDPW 1924 (CDPW -1942 , as described by Hutton et al. (2015) , with pre-project scenario X2 values over the 20-year period that spans water years 1922 through 1941. In general, the scenario values are similar to the observed values in both wet and dry years. The standard error in comparing the scenario-based and historical X2 is 5.5 km; this error is higher than the 3.2-km and 3.6-km standard errors reported by for comparisons between predicted and observed X2 time-series (water years 2000 through 2009) along the Sacramento and San Joaquin river transects, respectively. We expected higher error in the scenario-based estimates for several reasons, including (1) imperfect correspondence between scenario-based outflow and historical outflow, (2) scenario-based X2 values are computed from isohaline regression fits (see Table 1 12 VOLUME 16, ISSUE 3, ARTICLE 6 on model data rather than observed data, (3) there is greater uncertainty associated with the early salinity measurements and resulting X2 estimates, and (4) the earlier salinity record is associated with greater seawater intrusion.
The modified box and whisker plot in Figure 6 indicates that monthly averaged salt intrusion length is less seasonally variable for the contemporary scenario than for the pre-development scenario. Delta outflow is typically higher for the contemporary scenario than for the pre-development scenario in summer and fall months, leading to lower summer and fall X2. In contrast, Delta outflow is typically lower for the contemporary scenario than for the predevelopment scenario in winter and spring months, leading to higher winter and spring X2. The preproject scenario X2 follows seasonal trends similar to the pre-development scenario, but with slightly higher salt intrusion in the spring and lower salt intrusion in fall. However, the pre-project scenario is characterized by significantly higher X2 in the spring and summer of drier years, as quantified by the 75, 90, and 99 percentile values. Interannual X2 variability is notably higher in spring months (March and April) and lower in summer months (July and August) under the contemporary scenario than for the pre-development scenario, although interannual X2 variability is notably higher in summer months under the pre-project scenario than for the pre-development scenario. The difference in interannual X2 variability during the summer reflects the change from an unregulated irrigation paradigm (associated with the pre-project scenario) to a highly flow-regulated paradigm (associated with the contemporary scenario).
Monthly averaged X2 classified by Sacramento River water year class is shown in Figure 7 . As provided in the bottom panels, X2 is consistently higher in winter and spring, and lower in late summer and fall in the contemporary scenario than for the predevelopment scenario for all water year classes, further illustrating the contemporary scenario's characteristic of lower seasonal variability. These differences are more pronounced in "Critical" and "Dry" years, and less pronounced in "Wet" years.
As provided in the top panel, differences between the pre-project and pre-development scenario are typically small, with key exceptions being (1) higher pre-project salt intrusion during spring and summer in "Critical" years and (2) lower pre-project salt intrusion during fall in all water years.
The substantial differences in pre-development, pre-project, and contemporary scenario Delta outflows result in smaller proportional differences Figure 6 Modified box and whisker plot of salt intrusion length (X2) for the pre-development, pre-project, and contemporary scenarios given a historically observed climate sequence spanning water years 1922 through 2003. Boxes represent the interquartile range (25th to 75th percentile) for each month and scenario. The black lines represent the median value (50th percentile), the whiskers represent the 10th and 90th percentiles, the circles represent the 5th and 95th percentiles, and the "x" symbols represent the mean values.
Figure 7
Comparison of (A) pre-development and pre-project scenario and (B) pre-development and contemporary scenario isohaline length (X2) subdivided by water year class, with lines indicating the median monthly X2 and symbols indicating the largest and smallest X2 for years within the given water year class on the Sacramento River. The X2 in October and November is generally more closely associated with the previous water year (their own calendar year) than the current water year; thus, these months are classified with the previous water year, and the X-axis spans the months of December through November.
A B in X2. To illustrate, steady outflows of 100 and 1,000 m 3 s −1 correspond to X2 of 97.3 km and 57.3 km (respectively) for the contemporary scenario, and X2 of 93.1 km and 53.9 km (respectively) for the pre-development scenario. This weak dependence of predicted salt intrusion on Delta outflow follows from the parameter gamma in Equation 3, which was similar for the contemporary scenario (−0.230) and pre-development scenario (−0.237). For a given change in flow, a smaller-magnitude (less negative) coefficient corresponds to a weaker salinity response. Monismith et al. (2002) suggest that the observed weak response of salt intrusion to flow is partially from increases in estuarine circulation with increased flow muting the overall adjustment of salt intrusion. The limited X2 response is visible in Figure 7 , which shows that X2 ranges from 37 km to 98 km in the contemporary estuary and 36 km to 116 km in the pre-development estuary. Figure 8 compares the monthly (top panel) and annual (bottom panel) X2 exceedance probability for the three scenarios. The exceedance probability of annual average X2 was highest for the contemporary scenario, indicating more annual averaged salt intrusion under contemporary conditions. Annual X2 was only slightly lower for the pre-project scenario across a range of moderate X2 than for the pre-development scenario. The exceedance probability of monthly X2 up to 80 km was highest for the contemporary scenario, indicating that the contemporary scenario generally had higher salt intrusion for moderate salt intrusion lengths.
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Figure 8 Exceedence probability for (A) monthly and (B) annual pre-development, pre-project, and contemporary-scenario isohaline length (X2).
However, X2 higher than 80 km was most common in the pre-development scenario and least common in the contemporary scenario.
DISCUSSION
This study compares predicted salt intrusion in the contemporary and pre-development estuary. The primary difference between the two scenarios is the seasonal variability of salt intrusion, which is driven by alterations in Delta outflow. The contemporary estuary is characterized by lower winter-spring flows and higher summer-fall flows as winter runoff is stored in surface reservoirs and later released to meet agricultural, municipal, industrial, and fish and wildlife beneficial uses. In contrast, natural storage regulation under pre-development conditions primarily occurred under high flow conditions as a result of bank overflow. To place this comparison in context with the advent of systematic and accurate flow and salinity measurements in the estuary, this study also compared pre-development conditions with "pre-project" conditions of the early 20th century circa 1920. The primary landscape differences between these scenarios are land-use shifts from natural vegetation to irrigated agriculture, and construction of an extensive levee system in the watershed and estuary.
The time-series presented in this paper do not represent historical flows; rather, each is a timeseries of flow through a fixed landscape for a historical climate. The pre-development outflow time-series (CDWR 2016a) builds upon work by Howes et al. (2015) and Fox et al. (2015) by using similar precipitation data sets and assumptions for land and water use on the Central Valley floor. Fox et al. (2015) recommended future research in several areas, including inter-and intra-annual variability in natural Delta outflow and estuarine salinity transport. CDWR (2016a) answered the Fox et al. (2015) recommendation for a refined natural outflow estimate, and, using a slightly longer climate sequence, arrived at a long-term annual average Delta outflow estimate (24.5 billion m 3 yr −1 ) slightly above the range estimated by Fox et al. (2015) . CDWR (2015) reported long-term annual average contemporary Delta outflow and CVP-SWP exports of 19.4 billion m 3 yr −1 and 6.1 billion m 3 yr −1 , respectively. Thus, the difference between long-term annual average pre-development and contemporary outflow is similar in magnitude to long-term annual average CVP-SWP exports from the Delta. Flow was generally higher in the pre-project scenario than in the pre-development scenario because of less evapotranspiration in floodplains and estuarine wetlands. However, the range of pre-project flows extends substantially lower than the corresponding pre-development flows in spring and summer months of "Critical" water years, presumably because of upstream irrigation demands.
Our salt intrusion estimates build upon Andrews et al. (2017) by extending the salinity prediction period from 3 years to 82 years to better characterize the range of salt intrusion for pre-development and contemporary conditions. Although winter outflows are similar for the pre-development and contemporary scenarios in "Above Normal" and "Wet" water years (Figure 4 ), winter salt intrusion is lower in the pre-development estuary across all water year classes (Figure 7) , illustrating that the changes in estuarine geometry, bathymetry, and mean sea level significantly influence X2. The relationships between Delta outflow and X2 in Table 1 indicate a higher X2 for the contemporary and pre-project scenarios than for the pre-development scenario for any given flow rate. This finding is consistent with the interpretation that sea level rise and erosion of Suisun Bay have increased dispersive salt transport into the estuary (Enright and Culberson 2009 ).
Although we have focused primarily on differences between pre-development and contemporary levels of development flow and salt intrusion, differences between the pre-project and contemporary scenarios are noteworthy. Estimated annual average preproject outflow (30.4 billion m 3 yr −1 ) is higher than the corresponding contemporary scenario outflow of 19.4 billion m 3 yr −1 . This difference is consistent with Enright and Culberson's (2009) observation that, over the historical period spanning 1920-2006, the early part of the period (1920-1967) experienced higher annual average Delta outflow despite lower annual average precipitation. Figure 3 shows that, on a monthly average basis, pre-project scenario outflow exceeds contemporary scenario outflow in all months except July, August, and September; this difference is consistent with Enright and Culberson's 16 VOLUME 16, ISSUE 3, ARTICLE 6 (2009) observation of decreasing historical outflow in all months except July, August, and September. Similarly, Hutton et al. (2017a) , in an analysis of historical flow from water year 1922 to 2015, found statistically significant increasing Delta outflow trends only in July and August. Our findings of seasonal change are also consistent with Fox et al. (1990) who report "July through September flows have significantly increased over the period from 1921 to 1986." Figure 6 indicates that, on average, salt intrusion is higher under the contemporary scenario than for the pre-project scenario except for the months of August, September, and October. Enright and Culberson (2009) compare trends in monthly average Collinsville and Port Chicago salinity pre-1968 to post-1968; they report decreasing trends in July, August, and September, and increasing trends in other months. Hutton et al. (2015) compare monthly average X2 over the 1922-2012 period and report decreasing trends in July, August, and September; no trend in October; and increasing trends in the remaining months -with all but the July and October trends being statistically significant. In general, our broad conclusions are consistent with previously reported findings.
Though a level-of-development approach is not intended to reproduce a historical time-series, the results shown in Figure 5 suggest the pre-project scenario salt intrusion is similar to the observed historical salt intrusion. Directly comparing predevelopment scenario flow and salt intrusion to historical conditions before development (before 1850) is not possible because of the limited availability of salinity observations before 1922. However, comparing pre-development annual outflow with work by Moftakhari et al. (2013) is instructive. Using a novel analysis of the tide record in San Francisco, their work generated historical flow estimates that spanned 1858 through 2011, and they report a "~30% decrease in annual average discharge after 1900." The trend estimated by Moftakhari et al. (2013) is influenced by changes in precipitation as well as level of development (i.e. land use and water operations), whereas our estimates of a 21% decrease in annual average discharge in the contemporary scenario relative to the pre-development scenario, and a 36% decrease relative to the pre-project scenario are for the same record of historical climate, and thus isolate the effect of altered level of development.
An interesting data set that provides limited characterization of pre-1920s salinity in the estuary was collected by the California & Hawaiian Sugar Refining Corporation (C & H). C & H, which obtained most of its freshwater supply in the early 20th century by transporting water to its refinery in Crockett, maintained a record that began in 1908 on the distance its barges traveled to obtain freshwater and the quality of water obtained (CDPW 1931; CCWD 2010) . The barges were typically filled when salinity was determined to be less than 50 mg l −1 chloride, which corresponds to approximately 0.35 mS cm −1 specific conductance or 0.2 psu. An early report by the state of California (CDPW 1931) concluded from the barge travel data that "… from 1908 to 1920, there have been periods of from 3 to 9 months during each year when all of Suisun Bay up to the lower end of the Delta was impregnated by saline water in varying degrees and that for shorter periods each year, the invasion of salinity has reached points well above the confluence of the Sacramento and San Joaquin rivers." CCWD (2010) concluded from the barge travel data that "Fresh water was present farther downstream and persisted for longer periods of time in the western Delta in the early 1900s than under recent time-periods with similar hydrologic conditions."
Although the barge travel data are of great historical interest, the level of development associated with their period of record aligns neither with our predevelopment scenario nor our pre-project scenario. The 1908-1918 subset of data analyzed by CCWD (2010) was substantially different from our preproject scenario level of development because of rapid increases in upstream reservoir storage, upstream irrigated agriculture (particularly rice), and wetland reclamation before 1920 (CDPW 1931) . Furthermore, drawing inferences of broad estuarine salinity distribution (e.g., X2) from the barge travel data is challenging, given (1) the data's low salinity metric (approximately 0.2 psu) that is not easily differentiated from landward conditions, and (2) the lack of information linking measurement frequency to the tidal cycle. Additionally, the 1908-1918 period was notably wet and therefore provides a limited https://doi.org/10.15447/sfews.2018v16iss3art6 characterization of how the estuarine salinity regime responded to pre-1920-level conditions. Six of the 11 years are classified as "Wet" in the Sacramento River Valley (CDWR 2016c). Of the remaining years, one is classified as "Above Normal," two are classified as "Below Normal," and two are classified as "Dry." Despite the limitations of the C & H barge travel data, the CCWD (2010) drew some conclusions from the data that align with our comparison of pre-project and contemporary scenarios. The CCWD (2010) reports less salt intrusion in the early 20th century than for 1994-2004 historical conditions, consistent with the lower salt intrusion indicated by our pre-project scenario than for our contemporary scenario for all months except August, September, and October (see Figure 6 ). Also, consistent with the CCWD (2010), Figure 6 indicates the biggest increase in monthly salt intrusion relative to pre-project conditions occurs in winter and spring.
Although annual average salt intrusion to any point in the estuary is more common for the contemporary scenario than the pre-development scenario, the monthly cumulative distribution functions (Figure 8 ) show that the 2-psu isohaline intruded into the Delta more commonly in the pre-development scenario than in the contemporary scenario. Thus, it can be concluded that although Suisun Bay is fresher under pre-development conditions, brackish water intrudes into the Delta more frequently under those conditions. This conclusion is inconsistent with CCWD (2010) conclusion of lower pre-development salt intrusion in dry years relative to modern conditions. Although Figure 7 suggests substantial salt intrusion in the western Delta during dry and critically dry years under pre-development and preproject conditions, the CCWD (2010) concludesbased on paleosalinity data at Browns Island reported by Malamud-Roam and Ingram (2004) , as well as the C & H data during 1908 to 1918 discussed previously -that the western Delta was predominantly a freshwater system in the 2,500 years before 1920.
Multiple sources of Delta paleosalinity data are available to provide insight to pre-development conditions. Based on a review of these data, including sediment cores collected at Browns Island in 2005, Drexler et al. (2014) concluded that "the western border of the Delta has been a transitional region perched at the ecotone between oligohaline and fresh for more than 6,000 years." The CCWD (2010) discusses a sediment core collected at Browns Island that indicates low abundance of the salttolerant Salicornia virginica before approximately 1930 and high abundance subsequently (May 1999; Malamud-Roam and Ingram 2004) . Malamud-Roam and Ingram (2004) conclude that "during modern times, average precipitation in California has not been anomalously low, yet the salinity in the Bay estuary has been relatively high." Another possible explanation for the shift in vegetation at Browns Island was provided by May (1999) when the data was originally reported:
"one of the largest changes wrought by the water projects is the loss of high spring flows, and it may be that the absence of these flows, which in previous years could have provided a critical flush of salts from the soils of Scirpus and other salt-intolerant plants, was a primary cause of the Salicornia increase." (2010) and Malamud-Roam and Ingram (2004) correctly interpret the shift in vegetation to arise from increased salt intrusion, that would imply that our pre-development modeling analysis is biased toward higher summer and fall salt intrusion, at least during relatively dry years. If our modeling analysis is indeed biased, one possible explanation for such a bias is that the predevelopment scenario (CDWR 2016a) overestimates evapotranspiration from the natural landscape that results from uncertain vegetation coverage and water availability. Another possible explanation for such a modeling bias is that the pre-development scenario underestimates the magnitude of summer base flows because of uncertainties in flood storage and subsequent groundwater accretion to the channels.
Another modeling uncertainty associated with the pre-development scenario is the effect of estuarine geometry and bathymetry alterations on salt intrusion. This uncertainty is substantial because of limited pre-development bathymetric, hydrodynamic, and salinity observations (Andrews et al. 2017) . The pre-project response to salt intrusion is less uncertain because of the availability of systematically collected salinity data starting in the early 1920s . A single flow-X2 relationship was found to accurately reproduce trends from 1922-2012 in Hutton et al. (2015) despite substantial changes to the geometry of the estuary in that period. This consistency throughout the 91-year historical analysis of Hutton et al. (2015) suggests that the flow-X2 relationship is not strongly sensitive to changes in estuarine geometry. Figure 5 suggests that our pre-project scenario provides a reasonably accurate characterization of 1920-level salinity intrusion. The uncertainty in the pre-development response of salt intrusion to flow likely has a limited influence on our predictions because the changes in seasonal timing of pre-development and contemporary flows are the primary driver of differences in predicted salt intrusion.
The characterization of pre-development Delta outflow and salt intrusion we present provides a baseline to inform flow regulations and restoration actions. Comparison of the pre-development and contemporary scenarios suggests that shifting the contemporary estuary toward a more natural flow and salinity regime would involve allowing higher Delta outflow during spring and lower Delta outflow during summer and fall. On a seasonal basis, the contemporary-scenario Delta outflow is 74% and 131% of the pre-development scenario Delta outflow in January through June and July through November, respectively.
Although our comparison of pre-development, preproject, and contemporary-scenario Delta outflow and salt intrusion assumes fixed levels of development and a common historical climate sequence, we acknowledge that both land use and climate will continue to change over time (Cloern et al. 2011) . The effects of climate change on Central Valley hydrology are already evident in shifts in seasonal runoff patterns toward earlier spring runoff and lower summer stream-flow (Regonda et al. 2005; Kapnick and Hall 2009) , and this trend is expected to continue (Knowles and Cayan 2002) . Sea level rise caused by climate change will also increase salt intrusion for a given Delta outflow. At a fixed Delta outflow of 260 m 3 s −1 , additional salt intrusion of 0.9 and 8.1 km has been estimated for mean sea level rise scenarios of 20 and 140 cm, respectively (Gross et al. 2007 ).
Offsetting the effect of these sea level rise scenarios would require an estimated 10 and 68 m 3 s −1 additional outflow, respectively (Gross et al. 2007) . At a fixed Delta outflow of 260 m 3 s −1 , the difference between contemporary and pre-development X2 (with an associated difference in mean sea level of 31 cm) is 3.9 km. This difference is larger than the 2.5 km increase estimated by Gross et al. (2007) for a 50-cm sea level rise scenario, suggesting that dredging channels and other bathymetric change associated with the contemporary estuary also contribute to salt intrusion.
Similarly, additional salt intrusion may be incurred by restoration projects or unplanned restoration of Delta islands to tidal inundation due to levee failure (DRMS 2007) . Restoration, early runoff, and sea level rise are each likely to contribute to increased salt intrusion in summer and fall, or require increased Delta outflow to maintain salinity-based water quality standards during this period. The summer salt intrusion for the pre-development scenario estimated here suggests that dry conditions and large salt intrusion were common before anthropogenic influence. Paleoclimate research also suggest that both flow and salinity in the estuary have varied widely as a result of variable precipitation (Malamud-Roam and Ingram 2006) . The survival of native species through historic droughts in the pre-development landscape suggests that flow regulation alone is not adequate to restore ecological conditions. Restoring a more natural landscape with broader connectivity among different habitat types such as channel, floodplain, and tidal wetland is likely to move the estuarine food web closer to predevelopment conditions and to favor some native species (Brown et al. 2016) . Successful rehabilitation of the estuary's ecology will also require amelioration of other stressors (Luoma et al. 2015) . Furthermore, any set of flow actions may not benefit all native species, because mechanisms underlying "fish-X2" relationships are uncertain and likely to vary by species (Kimmerer 2002) . Experience in other settings shows "the impossibility of engineering optimal https://doi.org/10.15447/sfews.2018v16iss3art6
conditions for all species" (Poff et al. 1997) . Though achieving abundant populations of all native species is unlikely in the estuary, a more natural flow and salinity regime is likely to benefit most native species (Moyle et al. 2012 ).
